In this study, the water saving and conservation potential of various furrow irrigation management techniques for irrigated cotton were compared. Conventional every-furrow irrigation with open-end furrows (EFO) and blockedend furrows (EFB), and alternate every-other-furrow management with open-end furrows (AFO) and blocked-end furrows (AFB), were considered. Considerable seasonal water savings were obtained with AFO and AFB fl ows, on average from 717 mm to 906 mm, respectively, when compared to EFO. Alternate furrows showed the ability to reduce tailwater runoff considerably. When compared with EFO, water use was reduced by 9063 m 3 ha -1 (60%) using AFB and 7167 m 3 ha -1 (48%) using AFO, with decreases in yield of 765 kg ha -1 (27%) and 492 kg ha -1 (17%), respectively. Similarly, average water use effi ciencies were 0.36 kg m -3 for AFB and 0.31 kg m -3 for AFO, compared to 0.20 kg m -3 for EFO. Results showed the possibility of applying alternate-fl ow furrow management techniques for water conservation in cotton irrigation. Additionally, the alternate furrow method could also be considered as a defi cit irrigation approach in the Harran Plain.
Introduction
Furrow irrigation is the dominant practice for cotton production in the Harran Plain of Şanlıurfa (Tekinel et al. 2001; Gençoğlan et al. 2005) . Moreover, the tendency of farmers in this area to overirrigate results in drainage and salinity problems . Because of the rising water table, some parts of the Harran Plain have serious problems such as salinization, alkalization, and nitrate pollution of shallow ground water (Çullu et al. 2000; Özer and Demirel 2004) . At the same time, inconvenient irrigation management causes water shortages due to increasing farm water losses, and productivity decreases (Kanber et al. 1996; Kanber et al. 2001) . Improvement of the existing irrigation system and management techniques is necessary to ensure more effi cient water use without signifi cantly reducing cotton yield.
Alternate/fi xed every-other-furrow irrigation can promote irrigation effi ciency and prevent loss of water (Hodges et al. 1989; Sepaskhah and KamgarHaghighi 1997) . Since a reduced amount of irrigation water applied does not consistently reduce yields, water use effi ciency may be increased (Graterol et al. 1993 ). In addition, alternate furrow irrigation methods supply water in a manner that greatly reduces the amount of surface wetted, leading to less evaporation and less deep percolation.
Many scientifi c results have shown that alternate furrow irrigation techniques with a combination of narrow-and wide-spaced furrow irrigation are used with many row crops for the successful management of irrigation (Graterol et al. 1993; Sepaskhah and Kamgar-Haghighi 1997; Kang et al. 2000) . However, the results obtained from some crops, such as sorghum (New 1971) , dry bean (Samadi and Sepaskhah 1984) , sugar beet (Sepaskhah and Kamgar-Haghighi 1997) , and maize (Mintesinot et al. 2004) , revealed some yield reductions in alternate furrow irrigation when compared to every-furrow irrigation. Stone and Nofziger (1993) stated that wide-spaced furrow irrigation can oft en produce acceptable cotton yields with less water than every-furrow irrigation. Similar results were found by Yavuz (1993) in the Seyhan Plain in Adana. Goldhamer and Peterson (1984) compared a linear-move sprinkler machine and a 380 m-long alternate furrow irrigation system on a sandy loam soil. Th ey found slightly lower cotton yields for the alternate furrow system; however, similar amounts of infi ltrated water occurred in both systems.
Th e purposes of this work were to present and discuss improvements to furrow irrigation systems that will result in lower irrigation water use and higher irrigation performance, but that do not require heavy investment and may be easily adopted.
Materials and methods
Th is study was conducted in a cotton fi eld at the Koruklu Research Center located in the Harran Plain in Şanlıurfa province (36°42ʹN, 38°58ʹE; altitude: 410 m) during the 1993-1995 growing seasons. A semiarid climate prevails in this area, with warm winters and hot and dry summers. Th e average temperature is 18.1 °C and the average annual rainfall is 330 mm. Relative humidity is about 70% in the winter months and decreases to 27% during the summer.
Th e experimental soil was from the Harran soil series (Luvic Calcirol from Dinç et al. 1991 ; Vertic Xerochreph from USDA-SCS 1998), which is widespread in the Harran Plain. Th e fi eld was 160 m long, with furrows spaced at 0.7 m with an average 0.13% slope. Th e soil bulk density (γ d , g cm -3 ) was determined by the methodology suggested by Walker (1989) . Some soil properties for irrigation were determined using the standard laboratory methods (Tüzüner 1980) . Experimental soil has high soil water-holding capacity, and it is very appropriate for surface irrigation using high application depths and low irrigation frequency (Table 1) .
In this study, 4 irrigation treatments were analyzed. First, every-furrow irrigation (EFO), in which water is always applied to every furrow, uses open-end furrows and is known as the conventional continuous furrow application. Second, every-furrow irrigation with blocked furrows (EFB) does not allow runoff losses. Th ird, alternate every-other-furrow irrigation with open-end furrows (AFO) applies water to the furrow that was dry in the previous irrigation cycle. Fourth, alternate every-other-furrow irrigation with blocked-end furrows (AFB) is similar to AFO, but runoff losses are not allowed due to the blocked-end furrows.
An infl ow rate of 0.072 m 3 min -1 , which was predetermined according to the technique suggested by Merriam et al. (1980) , was used in all treatments. Th is amount is about 25% of the amount estimated by the above method. Th is selection of infl ow rate was very appropriate for these soils, which have a high intake rate and very low slopes. Figure 1 shows that the plots, which were randomly distributed, were placed side by side with 2 replications. Water was applied through a gated plastic pipe connected to barrels, in which a constant hydraulic head was created. For obtaining the constant fl ow rate, the holes of the pipes were adjusted by a gate plug. Th is system was installed on the upper side of every plot. Th e fl ow rates were checked by volumetric methods during the tests ).
Irrigation water taken from a deep well has an average sodium adsorption ratio (SAR) of 1.15 and electrical conductivity (EC) of 0.294 dS m -1 , which has no restrictions since it is much lower than the threshold salinity (5.1 dS m -1 ) of cotton (Ayers and Westcot 1989) . As for the water quality impacts on soil permeability, the combination of SAR and EC posed little or no restrictions on use (Grattan 2002) .
Irrigations were applied at intervals of approximately 10 to 14 days based on treatment. Th e available soil water content at a root depth of 1.2 m was depleted to between 60% and 85% according to treatments at the beginning of the applications. Çetin (1992) and Kanber et al. (2001) indicated that the available water depletion level could be larger than 0.68. Th is is probably because a cotton crop likes and even requires some stress in order to produce a high yield.
Soil water content was determined by the neutron scattering method 1-2 days before and 2-3 days aft er irrigation, sowing, and harvest times at the head, middle, and end of the furrows at 0.3 m increments and at a depth of 1.2 m. Soil water data were used to estimate the irrigation depth required (Z req ).
For the EFO and AFO treatments, the infl ow was stopped when the total outfl ow period equaled the intake opportunity time, which was estimated by using soil moisture defi cit in infi ltration functions for each application (Walker 1989) . Total irrigation time or cut-off time (t co ) for these treatments was estimated as in Eq. (1):
where t co is the cut-off time (min), T a , is the advance time (min), and T i , is the intake opportunity time for the soil moisture defi cit at the lower end of the furrow (min).
In the EFB and AFB treatments, total irrigation time was determined using soil moisture defi cit, furrow area, and constant water fl ow. Th e water fl ow to the furrows was stopped when the total irrigation time was fi nished. Total irrigation time was calculated by Eq. (2) (2) where SMD is the soil moisture defi cit (m), qin is the infl ow rate (m 3 min -1 ) during an irrigation event, and L and s are the length and spacing (m) of a furrow, respectively.
Th e methodology for the evaluation of alternate and continuous furrows was taken from the works of Walker and Skogerboe (1987) , Walker (1989) , and the ASAE (2003) . Th e Kostiakov-Lewis infi ltration equation was used for obtaining infi ltration parameters of soil with the 2-point methodology given by Walker and Skogerboe (1987) :
where Z is the cumulative infi ltration per unit length of furrow (m 3 m -1 ), τ is the intake opportunity time (min), k and a are empirical parameters, and f o is the empirical base of the infi ltration rate (m 3 m -1 min -1 ).
Th e initial values for the infi ltration parameters f o , k, and a were determined from fl ow advance and recession in the test furrows using the stations located at 20 m intervals along the furrows. In addition, furrow cross-sectional profi les at 3 locations (upper end, middle, and lower end along the furrows) and outfl ow losses were measured.
Th e roughness parameter of the Manning n was obtained from direct observations. For calculation of n, furrow cross-sectional area, furrow slope, fl ow water depths, and water surface width were used (Walker and Skogerboe 1987; Horst et al. 2005 Horst et al. , 2007 .
Performance indicators such as appl ication effi ciency (E a ), dist ribution uniformity (DU), water requirement effi ciency (E r ), infi ltration effi ciency (IE), tailwater runoff (TW), and deep percolation (DP) were calculated using the approaches given by Walker and Skogerboe (1987) . All performance parameters were calculated by Eqs. (4-8) (Walker and Skogerboe 1987) . Here, Z req is the average depth required to refi ll the root zone in the quarter of the fi eld with a higher water defi cit (mm); L xd is the length of a furrow that is fully irrigated (m); Z zi is the average depth of infi ltrated water in the underirrigated furrow length (mm); Z ui is the average infi ltrated water depth, with the exception of deep percolation losses, along the furrow length (mm); Z ave is the average depth of infi ltrated water along the furrow (mm); and lq Z is the low quarter average depth of infi ltrated water (mm).
Th e depth of infi ltrated water (Z i ) during intake opportunity time for each station (i) along the furrows was calculated using the Kostiakov-Lewis equation:
where T r and T a are recession and advance times (min) at the station (i), respectively. A similar procedure was applied to estimate the average Z lq .
Deep percolation (DP) for each station (i) was estimated from the diff erence between Z i and Z req (Walker 1989) . Runoff loss data for the EFO and AFO treatments, measured by Parshall fl umes at the end of the furrows, were used to create tailwater hydrographs with respect to time. Total runoff losses (RF) were evaluated by using a perpendicular trapezoidal approach on the tailwater hydrographs (Walker and Skogerboe 1987) . Actual evapotranspiration values (ET, mm) for all treatments were calculated as in Eq. (10):
where P is rainfall received during the growing period (mm), ΔW is the change of soil water content (fi nal minus initial; mm), and S g is the capillary contribution from the ground water table (mm). Since the water table was lower than 15 m, S g is nearly 0.
Irrigation water use effi ciency (WUE IR ) was estimated by Eq. (11) using the model given by Howell et al. (1990) , which is yield produced per cubic meter of irrigation water:
Th e water-consumed fraction at fi eld level for the growing season (WCF fi eld ) was estimated by Eq. (12) (Pereira et al. 2002) : (12) where ETa is the actual water consumption (mm) and Ya is cotton yield (kg ha -1 ).
Considering that a leaching fraction (LF) is required for the Harran soils, a benefi cial water use fraction (BWUF fi eld ) was calculated by Eq. (13) (Pereira et al. 2002) : (13) Here, LF corresponds to about 7.3% for the Harran soils (Berekatoğlu and Bahçeci 2005) .
Results
Th e fi xed infl ow rate was found to be erosive in the EFO furrow applications, particularly for the fi rst irrigation ( Figure 2 ). Alternate fl ow subjects the furrow bottom to less erosion and ensures better conditions to preserve soil fertility. Th e amount of sediment transported out of the fi eld was higher in the EFO treatment (average of 0.53 g L -1 for all seasons) than in AFO (average of 0.13 g L -1 ).
Some main irrigation parameters (Table 2) , infl ow-outfl ow hydrographs (Figure 3 ), and average water advance times ( Figure 4 ) were diff erent among the treatments.
Th e average advance velocities in both the AFO and AFB treatments were 24% and 58%, respectively, lower than that of the EFO treatment ( Figure 4 ). Th us, the highest amount of water in the EFB treatment, with 64% of the total applied water, was used for advance. In the EFO treatment, this amount was only 48% of the total applied water.
Typical advance and recession behavior was diff erent from one treatment to another ( Figure  5 , Table 2 ). Advance and recession rates varied depending on furrow management techniques. In the beginning of the irrigation season, when soil was highly permeable, advance rates were rather slow; they were faster mid-season. However, advance rates were slow at the end of the season, due to low soil moisture content in the profi le (Table 2) .
Th e observed average hydraulic roughness coeffi cient (n) was 0.0463 m -1/3 s with a standard deviation of 0.00156. A certain variation in the n coeffi cients from the fi rst to the last irrigation event was determined. Th ey varied by 0.0356-0.0555 m -1/3 s from the fi rst to the seventh irrigation event for all furrows (Table 3) .
Th ere were seasonal variations in the fi nal infi ltration rate and infi ltration parameters for the treatments (Table 4 and Figure 6 ). Both coeffi cients k and a and the fi nal infi ltration (fo) values varied from irrigation to irrigation and from year to year. Th e fo rate was quite similar when all open-end furrow treatments are considered (P ≥ 0.01; t cal = 1.68). Th e average fo was about 0.000215 m 3 m -1 min -1 with considerable variation (CV = 0.47). Th e k values in the fi rst irrigation events for open-end furrows were 2-3 times higher than those for block-end furrow treatments (averaging 0.0162 for open-end and 0.0055 m 3 m -1 min -1 for block-end). Th e average k parameter of block-end furrows for the whole season was 17% less than that of open-end furrows. Values of a for block-end furrows were 2.5 times higher on average than those of open-end furrows. However, values of a reached the maximum level at the fi rst irrigation and then decreased toward the end of the irrigation season with some minor exceptions.
Th e average infi ltrated water and soil moisture defi ciency values at every station along the furrow show the type of the irrigation level (Figure 7 ). For infi ltrated water, generally, the EFO, EFB, and AFO treatments resulted in overirrigation and full irrigations. However, infi ltrated water depth along the furrow in the AFB treatment was less than required. In this treatment, irrigation water was not suffi cient to irrigate the entire furrow length due to slow water advance. Th e highest water storage values were recorded in the EFO and EFB treatments, at 1139 and 1333 mm; in the AFB and AFO treatments, the values were 540 and 469 mm (Figure 8) .
Th e data for the last irrigation (Table 5) of 21.1% in EFO to 11.0% in AFO. Th e runoff in EFO was almost 2 times larger ( Figure 9 ). In the latter, runoff losses increased with the decrease in infi ltration rate aft er the fi rst irrigation. Th us, the runoff losses in all treatments increased toward the end of the irrigation season.
In the AFB treatment, deep percolation losses occurred at the head of the furrow, whereas in EFB, they occurred at the end of the furrow. Th e maximum deep percolation was obtained in alternate furrows and exceeded 20% for AFB; it reached almost 20% for AFO in the fi rst events (Figure 10 ). On the other hand, deep percolation in the last irrigations for AFO and AFB was very high, as in the fi rst irrigation, but about 10% for the EFO treatment.
All irrigation performance components varied depending on treatments and year (Table 5) . Z req in the fi rst event was small, from 144.6 mm (EFB) to 153.7 mm (AFO) on average. Th e last irrigation was performed with a relatively high Z req , between 160.5 mm (EFB) and 198.9 mm (AFB); actual depletion of p varied from 0.71 (EFB) to 0.88 (AFB). Higher soil water depletion occurred in the alternate furrows toward the end of the growing season.
Th e average uniformity (DU) in the fi rst irrigation was high for all treatments, ranging from 71.1% (AFB) to 85.7% (EFO). On the other hand, the average Ea in the EFO and AFB treatments was generally low. Using a long cut-off time, slowing the water advance, and causing high runoff losses decreased Ea in the EFO treatment. Th e maximum Ea was measured in the EFB treatment (91.0%). For open-end furrow practices (EFO and AFO), D values were 39% and 46% higher than for blocked-end furrow treatments, respectively. During the trial years, 7 irrigations were applied to all treatments, from mid-June or the fi rst week of July to late August. Total irrigation season lengths varied between 58 and 76 days (Table 6) .
Th e average highest water use effi ciency (WUE, ) was achieved with the AFB treatment, which also used less water and gave a low cotton yield. AFB used, on average, 5839 m 3 ha -1 (61%) less water than the EFO treatment; however, yield decreased by nearly 765 kg ha -1 (27%). Th e every-furrow fl ow treatments with both open-and blocked-ends used the maximum water and gave high yields; thus, they had low water use effi ciencies, at 0.20 kg m -3 and 0.28 kg m -3 , respectively.
Estimates of WCF fi eld and BWUF fi eld for all treatments are shown in the Th e highest fractions of water consumed and benefi cial water use were for AFB (0.98 and 1.05, respectively). However, these numbers were associated with 29% relative ET and 42% yield defi cits. Th e next best results, relative to EFB, were similar fractions, but with a higher relative ET excess of 28% and a relative yield reduction of 15%. Meanwhile, AFO had quite low VCF and BWUF values (0.67 and 0.71, respectively) and a 39% ET defi cit and 34% yield reduction.
Discussion
Erosive behavior of the fi xed infl ow rate in EFO applications has been explained by the loose condition of the soil surface from primary tillage in irrigated sugar beet fi elds (Sepaskhah and KamgarHaghighi 1997) . Infl ow rates ( Figure 3) were similar among the present treatments, with coeffi cients of variation ranging from 0.048 to 0.045. In all treatments and applications, similar typical infl owoutfl ow hydrographs were taken, and they were a DU was used to evaluate infi ltrated water distribution along the furrow (James 1988; Walker 1989) . Ea is the management indicator (Pereira 1999; Pereira and Trout 1999; Pereira et al. 2002) . b Applied water (D) for the variable-furrow treatments was calculated for irrigated furrows only. c For a 140 m furrow length. similar to those observed before by researchers such as Rodriguez (1987) , El-Dine and Hosny (2000), and Horst et al. (2005 and 2007) . Small variations in the infl ow rates and diff erent furrow management techniques have infl uenced outfl ows. Th is example also shows that the outfl ow volume may be a signifi cant fraction of the total infl ow.
Comparison of the advance curves indicates that the advances are faster in every furrow management (Figure 4) . Th e alternate furrow approaches caused a decrease in the advance velocity and the wet front in the AFB treatment, and could not reach the end of the furrow due to high horizontal percolations to neighbor furrows in later applications. At the beginning of the growing season, advance problems were not encountered because soil moisture content was relatively high.
Th e recession curves in the AFO and EFO treatments were about linear, with relatively small diff erences between the upstream and the downstream sections ( Figure 5 ). In block-end furrows, recession curves are very long because water ponds at the end of the furrows; they show similar shapes and large diff erences between upstream and downstream. Th is produces relatively important diff erences in the infi ltration opportunity time between upstream and downstream, which become larger when the cutoff time is shorter. Th is may cause farmers to adopt larger t co and, therefore, to overirrigate.
Th e hydraulic roughness parameters of n increased from the fi rst to the last irrigation events due to the crusted soil surface resulting from diff erent furrow management techniques (Table 3) . Moreover, they were aff ected by a lack of tillage during the season. However, some results from recent years show that the roughness coeffi cient n either decreased toward the end of the irrigation season or remained similar during the irrigation season (Horst et al. 2005 (Horst et al. , 2007 . Coeffi cients k were grouped into 2 categories ( Figure  6 ), depending on furrow end conditions. Th ese values reached their maximum levels at the fi ft h irrigation and remained constant in open-end furrows. On the other hand, these same values declined toward the end of the season in blocked-end furrows. Th e lower average k parameter for block-end furrows for the entire season may be due to the lower wetted surface area, and the lateral movement of water exceeds the downward movement, as stated by Stone et al. (1979 Stone et al. ( , 1982 and Graterol et al. (1993) . Th ese results show that the k parameter was more aff ected by the furrow end conditions than the infl ow management.
Th e coeffi cients of a were grouped into 2 categories ( Figure 6 ) depending on the furrow end condition. Th e highest a values obtained can be explained by the specifi c characteristics of the ponded fl ow furrow irrigation. Th e parameters k and a did not show certain trends, but a trend existed for k, which increased from the fi rst to the fi ft h event, and inversely for a, which decreased. Finally, it can be said that variations among the infi ltration parameters may be caused by properties of soil surface conditions, which change during irrigations due to the formation of crusts (surface sealing layer) and the development of a root system in the growing crop.
Overirrigation with the EFB treatment ( Figure 7 ) can occur when irrigation water ponds near the end of the furrow. However, defi cit irrigation results in the AFB treatment may be due to the lower infi ltration rate caused by insuffi cient water applied, as explained by Stone et al. (1979) .
Water storage showed similarities in every irrigated furrow or variable irrigated furrow. Th e diff erences in the water intake results were statistically signifi cant at 0.01 level (average STDEV = 6.99, LSD = 28.45). Reductions in the cumulative water storage were about 59% for AFO and 53% for AFB, compared to EFO and EFB. Th e alternate furrow approaches reduced water intake (Figure 8 ). Th is may be caused by lower infi ltration due to a reduction in the wet soil surface and high lateral percolation (Stone et al. 1979; Graterol et al. 1993; Rice et al. 2001 ).
Similar results for runoff ( Figure 9 ) were reported by Rice et al. (2001) and Kanber et al. (2001) . Reduction of tailwater runoff with the AFO treatment may have been due to higher side percolation. Most of the deep percolation losses ( Figure  10 ) in the alternate furrow practices may be the consequence of side percolation to a nonirrigated neighboring furrow, which remains at root depth. Th is demonstrates that deep percolation losses below root depth might not occur, as found by Sepaskhah and Kamgar-Haghighi (1997) . However, Rice et al. (2001) reported that average deep percolation increased with the alternate furrow practice. In general, in open-end furrow treatments, the entire fi eld received Z req at the expense of some deep percolation.
DU was relatively higher (DU > 85%) for both of the every-furrow treatments than in the alternatefurrow treatments (DU ≈ 70%). Due to advance problems caused by surface conditions, results showed that the high infl ow rate should be used in the advance phase for this particular soil with alternatefurrow practices.
Application effi ciency (Ea) is generally low in mainly open-end furrow treatments due to excessive cutoff times that may be caused by irrigation depths much higher than Z req . As mentioned before, this demonstrates poor irrigation scheduling and is due to the fact that the longer wetting phase was used, and the cutoff time was longer for the open-end furrow treatments.
Cotton yields were the same or slightly lower than those in previous experiments using surface and pressurized irrigation methods in the Harran Plain (Çetin and Bilgel 2002; Kanber et al. 1996 Kanber et al. , 2001 ). On the other hand, similar results on cotton yield and suitable irrigation methods or irrigation programs were obtained by numerous scientists (Vanjura et al. 2002; Au jla et al. 2005; Horst et al. 2005 Horst et al. , 2007 On the point of irrigation performance (Table  5) , results indicated that considerable water savings may be achieved with alternate-furrow fl ows. Horst et al. (2007) reported high water use effi ciency (0.61 kg m -3 ) for cotton irrigated using surge fl ow with an alternate-furrows approach. Similar and comparable results were found by Kanber et al. (2001) , Çetin and Bilgel (2002) , Tennakoon and Milroy (2003) , and Aujla et al. (2005) . Because water is the limiting factor for farmers in the Harran Plain, they should maximize water productivity. Th erefore, water savings must be implemented, and then a policy of economic incentives has to be applied to cover the decrease in yields associated with alternate-furrow irrigation.
Results for water use performances show the clear advantage of alternate-furrow over every-furrow approaches, as well as the advantages of blocked-end furrow over open-end furrow fl ow. In spite of the improved water use performance associated with a large ET defi cit, results indicate that alternate furrows are diffi cult to implement in practice. Additionally, it is important to remember that these results were obtained in a water-scarce region tending toward desertifi cation, where the consequences of climatic change may be disastrous MEF 2007) .
Conclusions
When compared with every-furrow irrigations with open-end furrows, high water use savings with small yield reductions were obtained by alternate-furrow irrigation. Similarly, average water use effi ciencies were 0.36 kg m -3 in AFB and 0.31 kg m -3 in AFO, compared with 0.20 kg m -3 in EFO. Moreover, the consumed fraction of water used was 0.98, compared with 0.72 for EFO. Th ese results demonstrate the possibility of applying defi cit irrigation in the Harran Plain. 
